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ABSTRACT 


The  purpose  of  this  report  Is  to  present 
the  latest  available  data  on  the  velocity  of  sound  in 
sea  water  as  modified  by  changes  in  temperature,  salinity, 
and  depth.  These  are  given  In  both  metric  and  English 
units  in  a  series  of  tables,  curves,  and  equations  for 
depths  to  1300  feet. 

The  basic  data  have  been  compiled  from  the 
published  reports  of  competent  authorities  who  calculated 
the  velocities  from  fundamental  physical  equations  whose 
constants  have  been  experimentally  determined  with  precision. 
They  have  been  checked  with  numerous  direct  measurements, 
and  agree  within  an  experimental  error  estimated  to  be  less 
than  C  :rhe  soundness  of  the  theoretical  basis  for  the 
calculations  and  the  consistency  of  the  results  indicate  that 
the  calcviated  values  are  accurate  to  within  less  than  0.05/t 
at  temperatures  below  70°  S'. 

A  bibliography  of  source  materials  is  included. 
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Comparison  of  vSeva-ol  Sources  of  Velocity  Data 
Velocity  of  Sound  in  Sea  Water,  in  Metric  Units 
(From  Kuvrahara)  . . . . 
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Tho  Valoclly  of  Sound  in  Sea  VaXer 


INTRODUCTION 

1.  Experimental  determination  of  the  velocity  of 
sound  in  sea  water  over  wide  ranges  of  teniperature  and  salinities 
presents  many  difficulties.  Consequently  several  oomnuted  tables 
have  been  published  based  on  Aindamental  physical  theory  and  data. 
These  tables  are  more  accurate  and  comprehensive  than  direct 
experimental  determinations. 

2.  The  purpose  of  this  report  is  to  present  some  of 
the  latest  available  data  in  a  form  convenient  for  use. 

DEFINITION  OF  SALINITY 

3.  The  salinity  is  a  measure  of  the  salt  content  of 
the  water  in  parts  per  thousand  by  weif»ht  and  is  v^ritten  S  “  ppt. 
or  0/00. 

4.  The  salinity  of  the  open  sea  water  may  range  from 
30  to  40  ppt,  "Standard"  sslinity  is  conventionally  chosen  as 
35  ppt. 

CALCULATION  OF  THE  VELOCITy  OF  SOUND  IN 

5.  The  velocity  is  given  by  the  expression 

V  •  /  S  ^ 

V  dp  (1) 

where  p  is  the  pressure  and  f*  is  the  density.  For  convenience  in 
calculation  frem  well  established  physical  data  tlie  formula  used  is 


where  y-  Is  the  ratio  of  the  specific  heats  at  constant  volume  and 
constant  pressure  and  C  is  the  compressibility.  The  numerical  value 
of  these  quantities  depend  on  the  temperature,  salinity,  and  depth 
or  pressure.  The  detailed  formulae  and  the  necessary  corrections 
are  explained  fully  in  the  references  to  the  original  data. 

CALCUU.TcP  VELOCITY  DATA 

6.  The  first  comir'ehensive  tables  were  published  by 

Heck  and  Service  in  1^24.  They  checked  their  table;,  by  vfire 
soundings,  anci  ccncluded  that  the  calculated  valut-s  were  probably 
more  accurate  than  the  exyierimi'i't.il  det.erninati  or'S.  In  1Q27,  the 
British  Admiraly  published  an  o-'cellent  set  of  tables  for  both  purn 
and  seawater  that  were  the  most  e.xtfn;';!vr  and  accurate  at  that  t;mi 
In  1939,  Kuv;ahara  brought  cut  a  new  set  of  velocity  tables  ’'.d  t  h 


i  t-fl  iVi-.'ir.  '  •  ■■  ■  1  ■  ■'  .  i  ;  ;!ri  t  1  ■  h  A' 1  t  ;\l  i  ty 

j'UhllRhn'l  rt  i  I'vi  •■.cl  -I  ,  i  ■■  which  .ii'r'-;  '-''Ty 

clo'-ply  -.vi  t>;  K’lwnf.-Tra '  •  i  .  j-  ty  ■;  "TpxtbocV'  of  Covinci"  (IQJ?), 

nivpH  ar.  '  "1  Irrai  hi ■  ii  ii  r  ’  v.'-iocit.y  ij!  "-■‘’h  wahcr  ah  "7,nro" 

■ipp'-i',. 


■/  Table  1  aivawa  a  •?*)’ ■pat'i.  *  ('-i  of  h-r.  \infiar 

iif f  arpot.  cond  L  t i ort'^  aa  liiv  eji  \'y  h-.-';  abc"/<?  autii ot' it  lor  . 

8,  i'.incf!  the  tahlpc  of  Kuwnhai  a  are  believed  to  be 
the  neat  aeoji  ate  availetHc  at  this  tirw,  they  have  been  used  in 
the  nrepaiation  of  tlie  sea  viatisT*  curve.s  and  eouat'oris  id  von  in 

I  nt.oy'  certyona  r>f  t.bi  s  r'eor-T't  Poe  fro'^h  wnt  er*  aryi  ':T  W'‘-a  1  \r  .  n'  1 

water,  the  va''.i!'  S  used  ru'e  those  of  the  British  Admiralty  tab!  er.  of 
Id '39. 

YEJhOCITY  TABLES 

9.  Because  the  velocity  tables  of  Kuwahara  may  not 
readily  be  available,  a  part  of  his  data  is  eiven  as  Tab]  e  ?.  For 
depths  less  than  400  inctars,  a  paressure  cxirrcction  of  0,0181  meter 
per  second  per  meter  of  d^th  stiould  be  added.  For  greater  depths, 
the  pressure  correction  is  not  so  simple,  and  reference  should  be 
made  to  the  original  soiree. 

VELXITY  CURVES 

10*  Since  the  effect  of  pressure  is  not  great,  and  a 

correction  mgy  easily  be  made  for  depths  not  exceeding  about  400 
meters  or  1300  feet,  the  velocity  curves  in  this  report  have  been 
drawn  for  zero  depth. 

11*  Plate  1  gives  the  velocity  in  meters  fan-  second  in 

ordinary  seawater  for  Centigrade  temperatures.  These  curves  are 
as  precise  as  the  dnta  from  which  tliey  were  drawn  -  ttiat  la,  to  the 
nearest  0,1  meter  pea-  o(,c<^tid , 

12,  Plat-0  2  shows  in  metric  units  i.he  temperature 
coefficient  of  velocity  -  that  i tho  change  in  velocity  in  meters 
per  second  for  a  change  in  the  t-emperature  of  one  degi'ee  Centigrade, 
It  is  to  be  noted  that  this  coefficient  is  by  no  means  constant, 
decreasing  fron  about  4.7  to  about  2.0,  so  tliat  it  cannot  be  used 
to  calculate  accurntrQy  the  velocity  at  one  temperature  from  a 
knowledge  of  the  velocity  of  another  temperature,  unless  the  two 
tfflnperatures  are  quite  dose  together.  Although  this  curve  was 
drawn  for  S  ■  35  ppt.,  little  error  will  be  introduced  by  using  it 
for  any  salinity  between  30  ppt.  and  40  ppt.  In  case  greater 
accuracy  is  rwiuired,  the  equntiems  given  In  Paragrapjhs  17  to  22 
inclusive,  ma^'  be  usefl. 

13,  Plate  3  !>hcwi  nfiproximately  the  salinity  coefficient 
of  velocity  -  that  is,  the  >;],.'uige  in  velocity  in  meters  per  second 
for  a  change  in  tfie  salinity  of  one  ppt.  This  coefficient  if;  nearly 
independent  of  the  s-nlinlty,  so  that  for  a  fixed  tfwperature,  the 
velodty  at  one  salinity  nay  be  calculated  frem  a  knowledge  of  the 


-  2  - 


velocity  at  some  other  value  of  nalinity.  For  freator  accuracy, 
tt\e  equations  riven  In  Paraftraphs  17  to  22  inclusive  may  be  used. 

14.  Plate  4  (jives  a  summary  on  one  sheet  of  the  data 
of  the  preceding  plates  with  some  loss  of  precision  duo  to  the 
smaller  scale. 

15.  Plate  5  shows  the  velocity  of  sound  in  pure  and 
nearly  piu~e  viator,  in  metric  units,  v/ith  a  precision  of  about  0.5 
meter  per  second, 

16.  Plates  6  to  10  rive  the  same  data  as  plater  1  to  5, 
expressed  in  Enfjlish  units  of  feet  ars!!  Fahrenheit  decrees. 

VELOCITY  EQUATIONS 

17.  Tv/o  empirical  equations  liave  been  set  up  and  the 
constants  calculated  to  fit  the  data  piven  in  the  tables  and  curves 
with  the  precision  spccifiei  .  In  order  to  preserve  the  accuracy 

of  the  eauatlons,  the  variable.'-  shoulii  not  fall  outside  tlie  ranees 
indicated.  The  foLloivinc  ^-^j'mboln  ’.-'ill  be  employed. 


Vj^  "  velocity  of  scund  in  sea  water,  in  meters  per 
second 

■  velocity  of  sound  in  sea  water,  in  feet  per 
secend 

S  ■  salinity  in  ppt. ,  between  30  and  40  pnt. 

y^i  “  depth  in  meters  bolcv;  sea  surface;  bettteen 
0  and  400  meters 

y^-  ■  depth  in  feet  below  .'  i  a  surface;  between  0 

find  1300  ft. 

tg  “  water  temperature  in  *^C;  between  0  and  32^C. 

t£.  «  vfater  temperature  in  °F;  betvreen  32  anil  bO°F. 


IS.  For  a  fir-t  approximation,  a  Quadratic  function  of  th 

temperature  vrns  a.srumed,  'Jsinf:  the  dethex!  of  Lear-t  squares,  .'n 
expre.ssion  for  the  velocity  in  meters  per  rcornd  ar;  a  fvinction  of  tb. 
Centirrade  tenper.''ture  was  cOitaincd  for  zero  donth  and  standard 
salinity  of  35  PPt.  Then  this  ex  ores.'' ion  w.'is  mc.i’fi‘:'d  to  renro.-ent 
the  vrlocity  in  feet  per  ■  r>ro”rl  for  Fahrenlioi  t  ra  tur  f>;'.  Tlic  o 

equations  fire: 


V  ^  T  /  /  r  '^r  .  ,  ,-f^L  . 

■'n  . . 


44  1'  10.  '  t, 


(4: 


Val'Se"  of  V-  Ir-’itv  !■■■  :■  ■;  ')  :  i.,,  . 

tnven  by  pu' -.abi  ■r->  .[-r.,-  '  cr  '.r.’s", 

ar  av' r  '■  >  rr' i-  i-i’  ■  '  i  ■,  ■  r  ’  .•  '  '■  ■  v-r,  ■.  d  .1  t  '  ■i.- 


differfinco  in  vfdocity  per  d^r^rop  tp’^ncriturp  'lifiinr  -p  -  r,  '.i 
v.'ith  the  aid  of  p''ur'*.ior;  (3)  "i;f/  t>e  in  error  t-v  I't  U'  XCr" .  ;  e:. 

(4)  is  of  the  s.t'.p  :  prcontni^'  proci-ion  a::  eaunt  ion  (3). 

19.  riroater  crncordnnco  '.Tith  tlip  liata  n.T.v  be  obfaiin  d 

from  a  cubic  eauaticn.  Urinp  the  Method  of  Lea: t  3quareG,  an 
equation  for  tiie  volocitv  in  -le  tei-  •  per  Gp.xnfl  .-ig  a  function  of  •  iif- 
Centigrade  temperature  T/aa  obtained  for  7,tj'o  depth  and  ntandard 
salinity  of  35  D-t-.  Then  this  equation  v/a-  -!odiflpd  to  repre-ent 
the  velocity  in  feet  per  second  for  Faiirenhedt  ter.peratui'eG,  These 
equations  are: 

V  »  1445.44  +  4.6684  t  -  0.0'',6,527  ♦0.C)003151  t  ^ 

in  ^  ^  c  '  ' 

a]y1  o 

Vjf.  -  4742.2  +  8.509  (t^  -  32)  -  0,0531,239  (t^  -  32) 

+  0.0001773  (tf  -  32)5  (6) 

Values  of  velocity  computed  vrith  the  aid  of  equation  (5)  apree  ’."ith  the 
values  given  by  Kurahara  to  v/ithin  a  maximum  error  of  0.1  m/sec,  or 
0.007^,  and  an  ave;  rye  error  of  0.04  m/see,  cr  0,003!?.  Moreover, 
it  is  believed  that  the  values  for  the  difference  in  velocity  per 
degree  difference  in  temperature,  as  calculated  from  equation  (5),  are 
precise  to  0.01  m/sec,  or  0.5?  or  better.  Fouation  (6)  is  of  the 
same  percentage  precision  as  eauc  tion  (5), 

20.  Having  obtained  the  above  cubic  expressions  for  the 
velocity  in  terms  of  the  temperature  at  sti^ndnrd  salinity  and  zero 
depth,  other  terms  for  the  salinity  and  pressure  effects  ''ere  added, 
yielding 

V„  -  1445.44  ♦  4.6684  t^  -  0,056527  tg^  +  0.0003151 

*  fl,304  -  0.0106  t^  t-  5,7  x  10"®!^^] [  (S-35 )  +  5.2  x 
10“5  tp  (3-35)2]  +  0.0181  y„ 
and 

Vj.  »  4742.2  ♦  8.509  (t£.  ~  32)  -  0,057,239  (t£..-32)2,.  0.0001773 
(tf  -32)5  ^  i4.278-0.0193(tj.-32)  *  1.78  x  10-®(tf-32)^ 
[(3-35)  +  2,9  X  10“5  (tf-32)  (3-35)^] ♦  0.0181  (8) 

21.  The  precision  of  equatiens  (7)  and  (8)  is  not  as  great 
as  th.e  precision  of  equations  (5)  and  (6).  Hevrever,  in  about  100 
well— distributed  trials  over  a  temperature  range  of  0  to  30“C,  over  a 
salinity  range  of  30  to  40  ppt.  and  over  a  depth  range  of  0  to  4D0 
jnetery,  the  velocities  computed  frem  equation  (7)  afp-eed  >?ith  the 
velocities  giver,  by  Kiiwahara's  tables  to  0.1  meter  yser  second  or  better. 
The  larger  discrepancies  were  found  at  the  extremes  of  temnerature, 
salinity  and  aepth.  The  percentage  preelsion  of  eouation  (8)  is  the 
same  as  that  cf  equation  (7). 

22.  To  obtaj.n  tiie  rate  of  chanre  oi'  velocity  witli  respect  to 


„  4  - 


temperature,  salinity,  or  depth,  equations  (,7)  and  (8)  maybe 
differentiated,  obtaining:  t 


U¥j-  p 

^  -  4.6684  -  0.113,054  t.  *  0.0009453  t 

-0.0106  ♦  0.23  X  10*^  tp^]  (S-35) 

♦C6.8  X  10"5  ..  0.110  X  10-'5  ♦  1.5  x  lO"^^  (S-35)^ 

(constant  salinity  and  depth)  (' 

dV— 

•  [1.304  -  0.0106  tg  +  5.7  X  10"®tg^  [1  >  I.O4  x  10"^tg{S~35)] 
(constant  temperature  and  depth)  (; 

XT  -  0.0181  (; 

(constant  ten?>sr8ture  and  salinity) 

dVf 

3^  -  8.509  -  0.114,478(tf  -  32)  ♦  0.0005318)  (tf  -  32)^ 

♦  [-0.0193  ♦  7.1  X  10-®  (t^32)3]  (s-35) 

♦  [12.4x10~5  -  0.112  X  10“5(tjw32)*25.8  x  10’*^3(t^32)^] 

(S-35)^  (] 

(constant  salinity  and  depth) 

dV. 

-  [4.278-0-0193  (+.^-32)  4  1.78  x  10"^  (t^-32)^  [1 

♦5.8  X  10-5(t,.  _  32)  {S-35)]  (J 

(constant  temperature  and  depth) 


dyf  ■ 


0.0181 

(constant  temperature  and  salinity) 


EXtfTPLES  IH  TOE  USE  OF  THE  GRAPHS  /'III'  SOU  ATI  QMS 


Example  1 

23.  To  find  the  ag  proximate  velocity  in  "leters  pt  r 
second  for  a  twipeiature  of  lO.s^C,  a  sal  Inity  of  34.2  ppt.  and  a 
depth  of  zero. 

24.  At  16,5°C,  tti  curves  on  PLatc  1  shov^  V  ■=  151^6.2  for 
'■*=33,  and  V  "  I5O8.6  for  .G=35.  '',incc  enuatic:  (7)  ■ ..s  tint  Uie 
salinity  correction  viri  w  apor' xi  mat-  1  v  lincrrly  ulth  ■■■.linity,  -.vc 
have  that  the  velocity  for  S  ”  34.2  is 


1  506 , 2 


3S.n'-  31,r.  (l'.0''.6  •  ItO'-..?) 


3 '307. 6,  net 


••II  - 


I'lirvi 


P-i.  i:- 

Vf^l  or  ;  *.v  i  n  ’r  r  *  OV 


'1'.  on  rlrto  lot  r rr’ino  f.ho 
I'or  tho  .•.nmr  dAt;i  .-i-;  in  ^amplo  1, 


2<’.  M  Cj  '’iurvR  1  ol‘  Flrtie  4  nhov/p  n  voloci  ty  of 

IfOS,')  for  ^'>=J').0.  At  Curve  3  ohows  n  salinitv  roofficlent 

of  1.132.  iionco,  *hf  (lo'lrod  velocitv  is 


V  ■=  150a.5  -  (35.0  _  34.2)  X  1.137  -  lt07.0  n..ters 

per  second. 

Example  3 

27.  Kor  th(^  same  tenperaturo  and  salinity  data  as  in 
EScample  1,  hut  for  a  depth  of  275  raeters,  find  the  velocity. 

28.  Since  the  velocity  correction  is  0.0181  n/sec  per 
meter  of  depth  (see  equation  7),  the  desired  velocity  is 

V  «  1507.6  +  0.0181  X  175  “  1510.8  meters  per  second. 

Example  4 

29.  At  a  temperature  of  8.8°C,  and  3  salinity  of  35  ppt., 
determine  the  tempera  ture  rate  of  variation  of  Vi»locity, 

30.  From  plate  2,  the  answer  is  found  to  he  3.741  meters 
per  depree  Centigrade.  From  eouation  (9)  the  calculated  value  is 
3.747  meters  per  second  per  decree  Centi.'rade, 

ADPITIOMAL  D/TA 

31.  The  Uaval  Research  Laborntor/  ir  collectinq  data  in 
this  field  and  vfould  appreciate  contributions  from  any  source, 
theoretical  or  experimental,  or  sirpestions  as  to  convenient  forms  of 
presentation. 
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A  :-'on<1ix 


Thf  followinn  ta'Of  ■•ivfs  a;’:ir-''xi-'L.i?  a  valu’-:'  !’>r  '!i  -  v' 
sound  in  several  nodia.  These  valu<  ;;  ".  iv.'  n  t  ak  n  ;  r  -  i  1 
lished  in  handbooks  and  'extbooks,  and  an  eli  v  d  • :  'li  i  ! 

in  1%’to  5^. 


Temperature  «  ?0®  C.  »  68®  F.  ,  unless  d‘  -•  -i -< 


Uaterial 

.!•!<  tT3 
rp.'r 

1  Sf  c-  'nd 

tF  ■*  1. 

cnrH 

Aluninurn 

1 

'  5100 

f 

'  16,700 

Brass 

'  3500 

'  11,50c 

Copper 

'  3560 

'  11,700 

Iron,  cast 

'  4700 

'  15,400 

Load 

'  1230 

'  4,030 

Nickel 

'  4970 

'  16,300 

Silver 

'  2610 

'  P,560 

Steel 

'  5000 

'  l'^,400 

Tin 

'  2500 

'  8,200 

Zinc 

'  370c 

'  12,100 

Brick 

'  3650 

I  12,000 

Cork 

1  430-530 

I  1400-1740 

Glass 

>5000-6000 

! 16, 400-19, 700 

Ice,  0°  G. 

1  3200 

1  10,500 

Paraffin,  15®  c. 

'  1300 

'  4,260 

Quartz 

'  5500 

'  18,000 

Rubbe  r 

'  30-70 

'  98-230 

’.Vood 

'1000-4700 

f 

'3300-1 5, 400 

I 

Alcohol,  12.5°  C. 

'  1240 

'  4,070 

Castor  oil 

’  1555 

'  5,100 

Benzol,  17®  o. 

'  1170 

'  3,840 

Liercury 

'  1410 

1 

]  4,625 

Air  (dry,  760  ran.) 

'  344 

’  1,128 

Carbon  dioxide,  0°  q 

1  258 

(  846 

Hydrogen,  0°  g. 

I  1270 

'  4,170 

Hethane,  0®  c. 

'  432 

'  I,/.]  7 

Oxygen ,0°  C . 

'  317 

'  i,04C 

Steam,  100°  C 

'  405 

'  1 ,  '2S 

Air,  0°C.  (dry,  COp  free,  760  mm) 

’  331.4 

'  l/:e^3 

TABLE  1 


VELOCITY  OF  SOUlJTl  IN  SEA  VATER 
(From  various  tables  and  formulas) 


Depth 

in 

Meters 

.  j 

■ 

Sal. 

ppt. 

Meters  per  Second 

Heck  & 
Service 

V/ood 

Br.Adm. 

1927 

Br.Adm, 

1939 

Kuwahara 

— 

0 

0 

31 

1445 

1445 

1440.3 

1440.2 

1440.3 

II 

10 

It 

1482 

1484 

1401.9 

1481.9 

1482.0 

H 

20 

It 

1508 

1515 

1514.3 

1514.3 

1514.3 

H 

30 

II 

— 

1538 

1539.0 

1538.9 

1539.1 

0 

0 

35 

1450 

1450 

1445.3 

1445.4 

1445.5 

II 

10 

H 

1489 

1488 

1486.6 

1486.7 

1486.8 

ft 

20 

ft 

1514 

1519 

1518.6 

1518.7 

1518.7 

If 

30 

fl 

— 

1543 

1543. 0 

1543.1 

1543.2 

400 

0 

35 

1454 

— 

1452.6 

1452.7 

1452.8 

It 

10 

11 

1492 

— 

1493.8 

1493.9 

tl 

20 

It 

1510 

1525.8 

1525.9 

ft 

30 

II 

— — 

— 

1550.3 

1550.4 

1550.6 

3000 

0 

31 

1490 

— 

1494.7 

1494.6 

1494.4 

11 

II 

35 

1490 

— 

1499.7 

1499.8 

’ 

1499.8 
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DATE: 
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SUBJECT: 

TO: 

VIA: 

REF: 


UNITED  STATES  GOVERNMENT 

memorandum 


7103/911 
25  August  1999 

Burton  G.  Hurdle  (Code  7103) 

REVIEW  OF  REFS,  (a)  THROUGH  (c)  FOR  REMOVAL  OF  RESTRICTIONS 

Code  1221.1  - 

Code  7100 

(a)  NRL  Report  S-1 204,  1 6  Oct  1 935,  E.B.  Stephenson  ^ 

(b)  NRL  Report  S-1 670,  3  Dec  1940,  E.B.  Stephenson  /iT)-  13^ 

(c)  NRL  Report  S-1 722,  11  April  1941,  E.B.  Stephenson  and  F.J.  Woodsmall 

1.  References  (a)  through  (c)  are  a  series  of  reports  and  documents  in  underwater 
acoustics.  Refs,  (a-c)  have  been  declassified  earlier,  but  restrictions  still  exist. 

2.  The  science,  technology,  equipment  and  operational  utility  of  these  reports  have 
long  been  superseded.  The  current  value  of  these  reports  is  historical. 

3.  Based  on  the  above,  it  is  recommended  that  references  (a)  through  (c)  be 
available  with  no  restrictions. 
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